ADPglucose, the essential substrate for starch synthesis, is synthesized in maize by a pathway involving at least invertases, sucrose synthase, and ADPglucose pyrophosphorylase, as shown by the starch-deficient mutants, mn1, sh1, and bt2 or sh2, respectively. To improve understanding of the relationship between early grain-filling traits and carbohydrate composition in mature grain, QTLs linked to soluble invertase, sucrose synthase, and ADPglucose pyrophosphorylase activities and to starch, sucrose, fructose, and glucose concentrations were investigated. In order to take into account the specific time-course of each enzyme activity during grain filling, sampling was carried out at three periods (15, 25, and 35 d after pollination) on 100 lines from a recombinant inbred family, grown in the field. The MQTL method associated with QTL interaction analysis revealed numerous QTLs for all traits, but only one QTL was consistently observed at the three sampling periods. Some chromosome zones were heavily labelled, forming clusters of QTLs. Numerous possible candidate genes of the starch synthetic pathway co-located with QTLs. Four QTLs were found close to the locus Sh1 (bin 9.01) coding for the sucrose synthase. In order to confirm the importance of this locus, the CAPS polymorphism of the Sh1 gene was analysed in 45 genetically unrelated maize lines from various geographical origins.
Introduction
The composition and the technological properties of mature grains result from a series of synthesis and maturation processes which take place several weeks before harvest. In maize, this is especially true for starch accumulation since the enzymes involved are mostly expressed during the first 35 d after pollination (DAP). The invertase activities are maximum at 3-4 DAP and decline continuously (Ou-Lee and Setter, 1985) . ADPglucose pyrophosphorylase (AGPase) activity becomes detectable in the endosperm at 12-15 DAP, peaks at 25-35 DAP depending on the genotype, and then declines to a very low value (Prioul et al., 1990 (Prioul et al., , 1994 . Sucrose synthase activity (SUSY) follows the same pattern as AGPase, except that the decline is less pronounced (Prioul et al., 1990) . In all cases these activities may be considered as nil at grain harvest (70) (71) (72) (73) (74) (75) (76) (77) (78) (79) (80) . Mutations affecting genes encoding the three above-mentioned enzymes severely reduce starch accumulation, namely, miniature (mn1) for cell wall invertase, shrunken 1 (sh1) for SUSY, and shrunken 2 (sh2) or brittle 2 (bt2) for AGPase. Such mutations demonstrate that these enzymes are mandatory steps in the synthesis of ADPglucose and that ADPglucose is the essential precursor for starch-synthesizing enzymes. However, the relative contribution of each step in the metabolic pathway is not easy to establish. Using genetic variability in enzyme activity and carbohydrate concentration is a way to determine the main contributing loci, i.e. QTLs (Quantitative Trait Loci) (see review by Prioul et al., 1997) . Such an approach has been used successfully for carbon metabolism in leaves (Causse et al., 1995; Pelleschi et al., 1999) showing the co-location of QTLs corresponding to the structural genes for some of the measured enzyme activities, and thus supporting their role as possible candidate genes . As any quantitative trait may be used for QTL detection, many traits related to grain yield and composition have been examined in numerous situations. Concerning mature maize grains, QTLs were detected for starch, lipid, and protein contents (Goldman et al., 1993; Séne et al., 2000) and for technological properties like hardness, and dry milling traits (Sourdille et al., 1996; Séne et al., 2001) .
The present study aimed at detecting QTLs for enzyme activities and carbohydrate concentrations, at three developmental stages, in order to try to relate the QTLs to those already described for mature grain composition and technological properties of the same recombinant inbred line population (Séne et al., 2000 (Séne et al., , 2001 . The co-location of the observed QTLs with the markers of known gene function mapped by Causse et al. (1996) was analysed in order to find candidate genes. After which, the DNA polymorphism of one candidate gene was analysed by CAPS in a series of genetically unrelated lines and this was compared with phenotypic traits.
Materials and methods

Plant material
The same population of maize recombinant inbred lines (RILs) was used as in previous studies (Séne et al., 2000 (Séne et al., , 2001 . It was derived from a cross between two contrasting genotypes, a late dent line from the American Iodent group MBS847 and a French early flint line, encoded F-2. A total of 145 RILs were used for mapping 152 RFLP probes, including a majority of expressed sequences (Causse et al., 1996) . One-hundred RILs from the 6th selfed generation were fieldgrown at Gif-sur-Yvette (20 km SW Paris, France) during the summer of 1994, in a randomized complete block design with two replications. Ten plants from each line were planted in a row. Ears from three plants, in each block, were collected at each phenological stages, 15, 25, or 35 d after pollination (DAP); pollination occurred from 23 July to 6 August depending on the lines, and six kernels per ear were immediately frozen and stored in liquid nitrogen for biochemical analyses. These sampling dates were chosen because previous studies (Prioul et al., 1994) have shown that starch synthesis in the endosperm begins from 12-15 DAP and is maximum between 25-35 DAP. In addition, this maximum may be genotype-dependent. At 15 DAP, nine traits were measured, whereas at 25 and 35 DAP, because of the lack of variability between the parents for some enzyme activities, only six traits were chosen for measurement. The values obtained for all the traits measured, at the three stages, in the two parent lines and in seven RILs chosen at random and harvested in each block, showed no block effect; it was decided to use only kernels harvested in block 1. Composite samples of 18 frozen kernels for 15 DAP and of nine frozen kernels for 25 DAP and 35 DAP, from three plants of the same RIL, harvested at the same stage, in block 1, were made, by pooling six or three kernels per ear. The accuracy of biochemical measurements was evaluated by comparing variability in the triplicates to total trait variability using the heritability formula (broad sense). H 2 values from 0.91 to 0.99 were found whatever the trait.
In addition, a panel of 44 genetically unrelated inbred lines from different origins and representative of maize genetic diversity was used, including (a) 23 dent lines F113, F252, F271, F277, F284, F292, F584, F604, F608, F618, F752, LH146, LH52, LH74, LH82, MBS847, MBS979, A188, A654, Co158, W117, W401, and CM174, (b) seven flint lines F2, F268, F283, F7, Lo32, Du101, and F591, (c) six dent/flint lines Co255, F1852, F476, F544, F670, and F7001, (d) four tropical lines CML239, CML243, CML245, and CML246, (e) one South-American Plata line Argl256, (f) two popcorn lines C6 and Ia5pop, and (g) one floury line Coest6. These inbred lines were grown in the same fields as the recombinant inbred lines (experiment 1) and were harvested at maturity. Two additional sets of these 45 inbred lines were grown in outdoor fields in France, near Toulouse (experiment 2a) and at Saint Martin de Hinx (experiment 2b), in order to repeat the evaluation of starch, amylose, and protein kernel contents. Finally, a set of these lines were grown in a glasshouse at Gif-sur-Yvette (France, experiment 3); kernels were collected at 35 DAP and stored in liquid nitrogen to measure AGPase activity.
Crude extract preparation
Three independent extracts from each composite sample were obtained by grinding decoated grains (six grains for 15 DAP or three grains for 25 and 35 DAP) in a frozen mortar containing fine sand (<10 lm). Extraction buffer (50 mM HEPES-NaOH pH 7, 10 mM MgCl 2 , 1 mM Na 2 -EDTA, 2.6 lM DTT, 0.02% Triton X100, 1% BSA) was added to a final volume of four times the grain fresh matter. After centrifugation (5 min, 15 000 g, 4 8C), the supernatant (crude extract) was immediately used for measurements of enzyme activities and soluble carbohydrate concentrations. The pellet was stored for measurement of starch concentration.
ADPglucose pyrophosphorylase activity A 10 ll volume of crude extract was added to a final 1 ml reaction mixture containing 50 mM HEPES-NaOH pH 7, 2 mM MgCl 2 , 1 mM Na 2 -EDTA, 1.15 mM ADP glucose, 0.34 mM NAD + , 2 units phosphoglucomutase, and 2 units glucose 6-phosphate dehydrogenase and placed in a spectrophotometer cuvette at 30 8C. After stabilization for approximately 3 min (stable baseline), 1 mM PPI was added. The time-course of NAD + reduction was measured at 340 nm over a 3 min period, in the linear part of the time-dependent absorbance increase (Bergmeyer and Bernt, 1974) . Results were expressed in nkat g ÿ1 fresh matter (kat=mol s ÿ1 ).
Sucrose synthase and soluble invertase activities
Sucrose synthase and soluble invertase activities were measured using an aliquot of the crude extract which was desalted by passage through a G25 Sephadex column equilibrated with 50 mM HEPESNaOH pH 7, 2 mM MgCl 2 , 1 mM Na 2 -EDTA, 2.6 lM DTT, 1% BSA. The two invertase activities were measured using their different optimum pH. Their specificity was checked, over a 2-9 pH range using the specific inhibition of alkaline invertase in TRIS-buffer. The time-course of neutral invertase activity (50 ll desalted extract) was measured at 30 8C in a 860 ml final volume reaction buffer containing 50 mM HEPES-NaOH pH 7, 2 mM MgCl 2 , 1 mM Na 2 -EDTA, 100 mM sucrose, 2.6 lM DTT, 1 mM ATP, 0.44 mM NAD + , and a desalted coupling enzyme mixture (3.5 units phospho-glucose isomerase, 2 units glucose 6-phosphate dehydrogenase and 4.2 units hexokinase). The time-course of NAD + reduction was recorded at 340 nm over a 3 min period in the linear part of the time-dependent increase of absorbance. Sucrose synthase activity was then measured by adding 1 mM UDP to the same cuvette and measuring further NAD + reduction; the obtained value corresponded to the sum of neutral invertase and sucrose synthase activities. The acid invertase activity of the same desalted extract (25 ll aliquot) was determined by lowering the pH with 0.2 mM Na acetate buffer pH 4.8, before adding 10 ll of 600 mM sucrose at 30 8C for 15 min. The pH was then increased by adding 50 ll of 500 mM NaH 2 PO 4 buffer, pH 7, and samples were immediately boiled for 3 min in order to denature enzymes. Glucose and fructose derived from sucrose hydrolysis were transformed by adding 750 ll reaction buffer (50 mM HEPES-NaOH pH 7, 2 mM MgCl 2 , and 1 mM Na 2 -EDTA) containing 1 mM ATP, 0.44 mM NAD + and the desalted coupling enzyme mixture (see above). After incubation at 30 8C for 30 min and centrifugation at 12 000 g for 3 min, the NADH formed was measured at 340 nm (Bergmeyer and Bernt, 1974) . Results were expressed in nkat g ÿ1 fresh matter.
Carbohydrate contents
Carbohydrate contents were determined by enzymatic assays, as above. The supernatant (crude extract) was used for measurements of soluble carbohydrate contents, and the pellet for starch content. The supernatant was boiled for 3 min, in order to denature proteins, and centrifuged at 12 000 g for 5 min. The total soluble sugar content was determined from a 25 ll aliquot to which 15 units of b-fructofuranosidase, in 320 mM sodium citrate buffer (pH 4.6) was added directly to the spectrophotometer cuvette. Sucrose hydrolysis was carried out during 30 min at 30 8C. The resulting hexose content was determined after addition of a 750 ll reaction mixture containing 750 mM triethanolamine-NaOH buffer pH 7.6, 3 mM MgSO 4 , 0.5 mM NAD + , 2.7 mM ATP, and 10 ll of desalted coupling enzyme mixture (3.5 units phosphoglucose isomerase, 2 units glucose 6-phosphate dehydrogenase, and 4.2 units hexokinase) at 30 8C for 40 min. NAD + reduction was measured at 340 nm. The free hexose content in the extract was measured in another 25 ll aliquot as described above, except that the b-fructofuranosidase treatment was omitted. The sucrose content was calculated from the difference between the total soluble sugar and hexose contents. The glucose content in the extract was measured in another 25 ll aliquot as described above, except that the b-fructofuranosidase treatment and the phosphoglucose isomerase were omitted. Fructose was calculated by the difference.
Starch in pellets was suspended in water and gelatinized, after addition of 5 N NaOH, for 60 min at 30 8C, under permanent shaking. After the addition of 15 units of amyloglucosidase dissolved in 320 mM sodium citrate buffer (pH 4.6), starch hydrolysis was performed for 60 min at 50 8C. The extract was cleared by centrifugation, 10 min at 12 000 g, and glucose was determined spectrophotometrically, as for the previous measurements. Results were expressed in mg g ÿ1 fresh matter.
Measurements of kernel content by Near Infrared
Reflectance Spectroscopy (NIRS) Kernel starch, amylose, and protein contents were estimated through NIRS on 50 g of entire mature kernels from each of the three replicates for each inbred lines grown at Toulouse and Saint Martin de Hinx. Kernel water content was homogenized by drying down to 14% humidity, before NIRS determinations. Near infrared absorbance spectra (log 1/R) were collected by averaging 32 scans per sample, using a NIRS system 6500 spectrophotometer scanning every 2 nm from 400 to 2500 nm. Data acquisition, calibration, and analysis were performed using NIRS 2 (4.0) IntraSoft international (1992) software. Samples with a Mahalanobis distance from mean spectrum greater than 3 were eliminated. Kernel content was first predicted using previously determined calibration equations (C Mestres, personal communication), using the whole spectrum for starch, and only 1100 to 2500 nm for amylose and proteins. Equations were then improved by adding 30 inbred lines from our samples that were phenotypically assessed using the same methods as for the initial equations (Mestres et al., 1996) . Coefficient of determination (cd) between measured and predicted values and standard error (se) of calibration were cd=0.899 and se=0.849 for starch, cd=0.803 and se=0.880 for amylose, and cd=0.956 and se=0.321 for protein content.
CAPS polymorphism and linkage desequilibrium
Total genomic DNA was extracted from adult leaves of the 45 genetically unrelated inbred lines, as in Tai and Tanksley (1990) . The Sh1 gene (X02382) was PCR-amplified in four parts (c. 2 kb) using primers designed from the published W22 line sequence (Werr et al., 1985) . The following primer pairs were used: fragment 0, primers AACCATGTAC-TATCGCCCCC with TCAACAGGGAGCAAGCAGTC, or AAG-CGTTTGGGATCTCTTCA with ATGGTCAACAGGGAGCAAG; fragment I, primers GACCCCTACCATCTGCACC with CCAG-CTGTTCCTTGAATGCC or CATGGAGCCTAGGAGCAGC with TCCTCCACAGCCAGCTCAC; fragment II, primers TGGGATTA-CATTCGGGTGAA with TGGAAGGCAGTGAGTCTCTT or GTT-GCACTTGCTATCAGGCC with TCGACGTCGCTGTAGATGAG; fragment III, primers CACACCGATTTCATCATCACCA with CG-CTGCCCAAAAACGCTC or CTTATTGCCATGAACCACACC with GGAAGACAGGTGAACGAGCA.
PCR mixes (100 ll) included 1.25 mM MgCl 2 , 0.25 mM of each dNTP, 0.5 lM of each primer, and Taq DNA polymerase (Qiagen). In each PCR reaction, 100 ng of genomic DNA was added. The cycling consisted of 30 s at 94 8C, 1 min at a temperature between 58 8C and 62 8C depending on the primer pair, and 2 min at 72 8C, for 35 cycles. The PCR products were examined by electrophoresis on an 1% agarose gel (Agarose Ultra Pure, GIBCO BRL) in TAE (TRIS-acetate 0.04 M, EDTA 0.001 M) containing 6 lg ethidium bromide/100 ml buffer. The bands were extracted and purified with the QIAEX II (Qiagen) gel extraction kit. The amplified DNA was checked by sequencing at 39-and 59-ends and by comparison with the known W22 sequence. An aliquot (150 ng) of DNA from each inbred line was used for digestion with one of the following enzymes: NdeII or HphI on fragment 0, CfoI or RsaI on fragment I, NdeII or RsaI on fragment II, and AluI or MspI on fragment III. Restriction products were analysed on a 5% agarose electrophoresis gel (high resolution agarose, QUANTUM Appligene) in TAE stained with a highly sensitive fluorescent stain for detecting nucleic acids, GelStar (5 ll stain stock solution/50 ml buffer, TEBU). The size of the different restriction fragments was evaluated against a 20 bp ladder (Superladderlow, Eurogentec).
The molecular polymorphism was characterized by the presence/ absence of each restriction fragment. Each fragment was denominated by capital letters corresponding to the first initial of the restriction enzyme (1st letter) and the fragment (2nd letter), and a number referring to the PCR fragment. For example, in NEII, 'N' means NdeII, 'E' is the size class of the restriction fragment (on an A to P scale, from smaller to larger), and 'II' indicates the PCRamplified fragment where the site is located.
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Downloaded from https://academic.oup.com/jxb/article-abstract/56/413/945/550076 by guest on 23 November 2018 QTL detection QTLs were detected by composite interval mapping (MQTL-CIM as in Tinker and Mather, 1995) from mean trait values. The proportion of trait variation explained by each marker was estimated by R 2 , using a SAS program (SAS, 1999; A Leonardi, unpublished data). As discussed in Séne et al. (2000) , the choice of cofactors in MQTL-CIM has considerable influence on the number of detected QTLs. In order to reduce the number of false positive QTLs, 5 to 9 cofactors were chosen, the cut-off being placed just before a drop in the partial R 2 values arising from stepwise regression. The main effect QTLs were calculated at 5% risk, after 1000 permutations. The peak value gave the likely position between boarding markers.
An in-house program was used for estimating interaction between QTL pairs. It was based on ANOVA (A Leonardi, unpublished data), fitting a model including main-effect QTLs and the interaction between all pairs of markers. Every interaction was tested at a stringent level of significance (P <0.0005). Then, in a second step the combinations of main effect factors and interactions between markers producing the highest R 2 value were chosen for the final result. Due to the method used (ANOVA), each interaction QTL was placed at a marker locus and not in-between as is the case when using interval mapping as in the main effect QTLs.
Flowering date being correlated with several trait values it could interfere with QTL detection. This point was tested by comparing QTL obtained from experimental values and from the residual of the regression between each trait value and the flowering date of the corresponding genotype.
Statistical analysis of CAPS polymorphisms CAPS data were scored as 0/1 following absence/presence of each fragment. Indeed, the published Sh1 genomic sequence (Werr et al., 1985) did not allow map reconstruction since CAPS could not frequently be interpreted as presence/absence of a particular restriction site nor a precise position of an insertion/deletion. The significance of pairwise linkage disequilibrium among CAPS was tested using Fisher's exact test excluding non-informative sites (singletons), and corrected for multiple analyses using the Bonferroni procedure (Sokal and Rohlf, 1981) . Before performing association studies, the extent of large-scale linkage disequilibrium within the 45 line panel was assessed, since it may lead to spurious interpretation of statistical associations between traits and genetic polymorphisms (Pritchard et al., 2000) . Characterization of the 45 inbred lines for 20 unlinked RFLP markers, distributed as one single locus marker per chromosome arm, showed no linkage disequilibrium (data not shown), suggesting that association studies would not be biaised and may be interpreted as functional association between traits and polymorphisms inside or close to the gene under study. In order to determine the statistical associations between CAPS and phenotypic values, only CAPS with at least five genotypes of each allelic form were used for the peak of robustness. Non-parametric tests based on empirical reconstruction of test criteria distributions using permutations (Churchill and Doerge, 1994) and parametric stepwise linear multiple regression (REG procedure; SAS Institute, 1999) with a 0.01 threshold for entering and removing CAPS from the regression were both performed. Since results from both methods yielded consistent results, only parametric analyses are presented.
Results
Time-course of enzyme activities and carbohydrate contents
The two parental lines MBS and F-2 were used to search for possible differences between parents during early grain filling. Both soluble invertases, neutral-cytosolic (INCY) and acid-vacuolar (INVA), expressed on a fresh matter basis, showed maximum activities at 15 DAP in both genotypes, F-2 having the higher activity at this developmental stage (Fig. 1) . A very rapid decline was observed for INVA at 25 DAP, reaching a very low value at 35 DAP. Although INCY was 2-20 times less active than the vacuolar form, the maximum activity was still seen at 15 DAP and this decreased with increasing DAP, especially in F-2; the amplitude of this variation was reduced with respect to INVA. ADPglucose pyrophosphorylase (AGPase) activity showed a different pattern with respect to invertase activities, since it was lowest at 15 DAP, increased at 25 DAP, and stayed relatively stable at 35 DAP for MBS. In F-2, AGPase activity was much higher at 15 DAP than in MBS, it increased at 25 DAP before decreasing to the same level as in MBS at 35 DAP. Sucrose synthase (SUSY) activity was lower than AGPase activity and it behaved rather similarly in the two genotypes: an increase from 15-25 DAP and a decline from 25-35 DAP. Again F-2 showed a higher activity at 15 DAP, but the difference was abolished at 25 and 35 DAP.
The soluble carbohydrate concentration varied in parallel to invertase activities, it was maximum at 15 DAP, sucrose being generally the most abundant compared to glucose and fructose (Fig. 1) . Sucrose, glucose, and fructose, fell to low values at 35 DAP. Starch accumulation was four times higher in F-2 than in MBS, at 15 DAP while at 35 DAP, the F-2 value was only 2-fold higher than that of MBS (Fig. 1) . Compared with MBS, the general picture for F-2 is a higher fresh matter, a lower soluble carbohydrate concentration (except for sucrose at 15 DAP), but a higher enzyme activity on a fresh matter basis, especially at the earlier sampling times.
Correlation between traits, transgression
Comparison of the parental trait values with the individual RIL values showed a larger variability in RILs (Fig. 1) . The variation range in RILs is indicative of a transgressive segregation. In other words, the line with the lower trait value was much lower than in the lowest parent (MBS) and similarly the higher trait line value was much higher than in the highest parent (F-2). An interesting situation is provided by AGPase and starch where both the mean value and the maximum-minimum range were very high, especially at 25 DAP. It could be interpreted by a large genetic variability in the dates of the maximum activity of AGPase. This variability is independent of the flowering date (Table 1) . Another attracting hypothesis, may be proposed when recalling that AGPase is a hetero-tetrameric enzyme composed of two types of subunits (BT2 and SH2), each being encoded by a different gene. Thus, an epistatic effect may occur between both subunit genes. The enhanced activity in the RILs at 25 DAP could mean that the reassociation of the subunit genes in the RIL is generally more favourable for 948 Thévenot et al.
activity than in the parents. The associated effect on starch is consistent with the fact that AGPase activity is frequently assumed to be a limiting step in starch synthesis.
A trait variability in RILs is a prerequisite for QTL detection. The correlations between variables were examined at the three sampling times (Table 1) . As the parental lines differed in precocity a possible side-effect of the RIL flowering date could be considered, although all samplings of each plant in each genotype were made at the same time after the pollination (15, 25, 35 DAP) . Among the 16 significant correlations over 21, three traits FW, glucose and fructose were consistently correlated in the same direction at the three stages: FW being higher in the earlier flowering genotypes and glucose or fructose being lower. However, the calculated mean percentage of these trait variances explained by flowering is 18%; it was 5% for the other traits.
The most common correlations were observed between soluble carbohydrates (glucose, fructose, and sucrose) whereas starch was frequently negatively correlated to QTLs for carbohydrates in maize 949 soluble carbohydrates. At 15 DAP, grain fresh matter was positively correlated to AGPase and SUSY activities and negatively correlated to glucose and fructose levels. These correlations disappeared at later times, although a FWsucrose correlation was still noticeable at 25 DAP. An AGPase-sucrose correlation was found at 35 DAP. The negative correlation between FW and glucose or fructose mainly reflects the classical decrease in both carbohydrates during development.
QTL detection
Main effect QTLs and interaction QTLs were detected at all developmental stages for most of the measured traits (Table  2) . At 15 DAP, nine traits were measured (FW, INVA, INCY, SUSY, AGPase, GLU, FRU, SUC, and STAR) and 23 main effect QTLs and 10 pairs of interaction QTLs were obtained. The total variability explained by these QTLs ranged from 13% (for starch) to 55.7% (for sucrose). For 25 and 35 DAP, only six traits were measured (FW, AGPase, GLU, FRU, SUC, and STAR). Even when taking this into account, the QTL number was lower than at 15 DAP: 5 and 9 main effect, and 9 and 6 interaction pairs for 25 and 35 DAP, respectively. The total variability explained by these QTLs ranged from 20% (for glucose) to 34% (for fructose) at 25 DAP and from 6.5% (for starch) to 39.1% (for fresh matter) at 35 DAP.
The possible effect of the RIL flowering date on the detected QTLs was examined because of the observed correlation with the other traits could introduce a bias (Table 1 ). The QTLs detection was also performed on the residual trait values obtained from the regression against the flowering date. Only five main effect QTLs (AGPase, GLU, FRU, FRU, SUC) and one pair of interaction QTL (STAR) were affected (Table 2, italics in brackets). Consequently, these QTLs have been removed in Fig. 2 and Table 3 .
The best parental allele for main effect QTLs was depending on the trait. The F-2 allele was most often favourable for QTLs related to sucrose and sucrose cleavage enzyme activities (INVA, INCY, SUSY), MBS allele was the most often favourable for AGPase activity. For the other traits, the best allele changed from one QTL to the other (FW, GLU, FRU) or QTL number was too low (STAR) to draw a conclusion. It may be noted that the allele effect is not related to the fact that a trait is increasing or decreasing Causse et al. (1996) . Allele: parental allele effect. R 2 and Cum.: R 2 percentage of variability explanation for a QTL and for all QTLs of a trait, respectively. Lower left inset: traits and chromosomes (C) for QTLs at the same position. The QTLs which were dependent on the flowering date are in italics and in brackets. The accuracy of biochemical measurements was evaluated by comparing variability in the triplicates to trait variability using the broad sense heritability formula; H 2 values between 0.91 to 0.99 were found whatever the trait. Fig. 2 . Mapping of main effect and of interaction QTLs for measured traits (fresh matter, FW; activities of vacuolar (INVA) and cytosolic (INCY) invertases; activities of sucrose synthase (SUSY) and ADPglucose pyrophosphorylase (AGPase); concentration of glucose (GLU), fructose (FRU), sucrose (SUC), and starch (STAR), in maize kernels harvested at three stages, 15 (in red), 25 (in blue) and 35 (in green) DAP. All measured traits are expressed as % kernel fresh matter. The recombinant inbred lines originated from the MBS and F-2 parent lines (6th self generation). Whatever the QTL type, the bar length, in between two markers (main-effect QTLs) or in front of a marker (interaction QTLs), is proportional to the R 2 value. Interaction QTLs are represented, at each marker, by a bar and, after a double arrow, the position of the pair member is given in italics by chromosome, and the distance from the telomere top is given in cM. The full description of marker names placed along each chromosome is reported in Causse et al. (1996) . Genetic distances are given in centiMorgan (cM) from the top of each chromosome. Bin positions have been placed using anchor markers from the University of Missouri Core Map. 
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QTL location
Depending on the developmental stage, the QTLs were more or less spread over all of the 10 chromosomes (Fig. 2) . At 15 DAP, QTLs were found on all of the chromosomes, but a higher density was detected on chromosomes 5 and 9. At 25 and 35 DAP, some chromosomes were not labelled whereas others were found to be particularly rich in QTLs: chromosomes 4 and 8, and chromosomes 1 and 2, respectively.
When QTLs were abundant on one chromosome, they were often grouped in particular regions forming 'clusters'. Some of these clusters contained only QTLs obtained at 15 DAP; for example, on chromosome 5, five QTLs (AGPase,  SUC The only QTL common to the three stages (Table 2) , was a fresh matter QTL located on chromosome 7 (bin 7.04), at the bnl 1407 marker (Fig. 2) . In 1998, a similar location for the same trait had been found using the same RILs, at 12 DAP, in another field experiment performed in SE France (Etoile-sur-Rhône, Drôme), but under drier and more sunny conditions (C Thévenot, unpublished data).
Identification of candidate genes
Numerous genes coding for enzymes of the starch biosynthetic pathway are located on the chromosome map used in this work, thereby facilitating the search for candidate genes involved in the metabolic regulation of this pathway. Vacuolar invertases are coded either by Ivr1 or Ivr 2 (Table 3) . At 15 DAP, a QTL was found for the trait INVA, at the Ivr1 locus on chromosome 2 (bin 2.04). At 25 and 35 DAP, an AGPase QTL was located on chromosome 8 (bin 8.04), and on chromosome 4 (bin 4.05), respectively, close to two Bt2 loci; Bt2 genes code for the small catalytic subunit of ADPglucose pyrophosphorylase.
It is also possible to find candidate genes with less direct effect by looking for relationships between genes coding for all of the presently considered enzymes of carbohydrate metabolism (Ivr1, Ivr2, Sh2, Bt2, Sus1, and Sh1) and all of the related QTLs for the measured traits (Table 3 ; Fig. 2 ). Near the Ivr2 gene, coding for a vacuolar invertase, QTLs were found at 15 and 35 DAP (bin 5.03). Similarly, co-locations near the three Bt2 loci were found at 15 DAP (bins 1.07, 4.05, and 8.04). Thus, in the Bt2 multigenic family, three genes Table 3 . Search for candidate genes for the measured traits (fresh matter: FW; activities of vacuolar: INVA and cytosolic invertases: INCY; sucrose synthase activity: SUSY; ADPglucose pyrophosphorylase activity: AGPase; concentrations in glucose: GLU, fructose: FRU, sucrose: SUC and starch: STAR) in kernels of 100 recombinant inbred lines of maize, harvested at 15, 25 and 35 days after pollination (DAP)
The candidate genes were search among the genes coding for measured traits and other genes related to the starch synthetic pathway enzymes.
Measured traits
Candidate may be involved in controlling some stages of the starch biosynthetic pathway. However, no QTL co-located with the multigenic family Sh2 (bins 1.03 and 3.09) which codes for the large subunit of ADPglucose pyrophosphorylase. At the 15 DAP stage, a co-location of a QTL was found close to the gene Sus1 (bin 9.04) coding for one subunit of the sucrose synthase. Moreover, colocations of QTLs at 15, 25, and 35 DAP, were found near to the gene Sh1 (bin 9.01) coding for another subunit of the sucrose synthase. Thus, a relationship may exist between Sh1 gene expression (bin 9.01), and either ADPglucose pyrophosphorylase activity or soluble sugar levels, at each physiological stage. The correlation between the three enzyme activities (Table 1) is consistent with the partial co-location of their QTLs. Co-locations between the observed QTLs and genes coding for other enzymes of the starch biosynthetic pathway such as cell wall invertase, involved in sucrose unloading in the basal endosperm transfer cells (miniature1 mutation), sucrose-phosphate-synthase, probably involved in sucrose resynthesis after invertase cleavage, and starch-debranching enzyme were considered. In addition, two respiratory enzymes, phospho-glyceratemutase and 6-phosphogluconate dehydrogenase were also considered, since some mutations affecting respiration are likely to affect starch metabolism, as could be the case in sugary2 mutant (Pan, 2003) (Table 3 ; Fig. 2 ). Three genes coding for cell wall invertases (Incw1, 2 and 3) colocated with QTLs at the three considered developmental stages. At 15 DAP, two QTLs were located close to Incw1 (bin 5.04) and one QTL was near Incw2 (bin 2.05); at 25 DAP, one QTL was located close to Incw3 (bin 10.04), while at 35 DAP, it was close to Incw2 (bin 2.05), and Incw3 loci (bin 10.04). Among the three loci for sucrosephosphate-synthase (bins 3.05, 6.01 and 8.06), the bin 8.06 co-located with AGPase QTLs at 15 DAP and 25 DAP. The starch-debranching enzyme locus (Su1, bin 4.05) co-located with one QTL at 15 and one at 25 DAP. Phospho-glyceratemutase is associated with two loci (bins 3.06 and 6.05), at 15 or 25 DAP. The 6-phosphogluconate dehydrogenase locus (bin 6.01) showed a co-location with one QTL, at 35 DAP.
Finally, it is noteworthy that seven AGPase QTLs colocated with various candidate genes including Ivr2, Bt2, Sh1, Sps, and Pmg.
Association of Sh1 molecular polymorphisms with phenotypic traits
As the Sh1 locus frequently co-located with QTLs for enzyme activity or substrate content in the F-2-MBS847 RIL family, the polymorphism of this gene was characterized within a collection of unrelated inbred lines and its statistical association with phenotypic traits assessed. Four Sh1 segments of 2 kb each were PCR-amplified and named 0 (segment in the promoter), I (exons 1-3), II (exons 4-12) and III (exons 12-16) (Fig. 3) . Significant associations between CAPS and traits were detected in parts 0, II, and III. Starch content in total kernel and in endosperm was associated with two CAPS (HB0 and RPII) separated by more than 3.5 kb and showing no linkage disequilibrium between each other within this Fig. 3 . The Sh1 gene consists of 16 exons and 15 introns. The nucleotide numbering is from the W22 sequence (X02382). The gene was PCR-amplified in four fragments of c. 2 kb, named 0, I, II, and III. The name and position of the polymorphous restriction fragments are placed above the sequence. The first letter of the name stands for the restriction enzyme used: A, H, N, and R for AluI, HphI, NdeII, and RsaI, respectively; the second letter corresponds to the size class of the restriction fragment (on an A to P scale, from smaller to larger) and the Roman number indicates the PCR-amplified fragment where the site is located. An asterisk indicates that the exact position of the polymorphous site is known. In the other cases, a line delineates the zone where polymorphism is present.
QTLs for carbohydrates in maize 955 sample (Table 4) . Amylose % kernel matter and quantity, either in kernel or endosperm, were significantly associated to several CAPS in segments II and III (i.e. NEII, NKII, and AKIII). These CAPS were independent from each other in these samples. Finally, AGPase activity at 35 DAP was significantly associated to the ND0 promoter fragment. As the flowering date had some influence on QTL detection, its effect was checked in the association tests. Very poor correlations were found between kernel phenotypes and AGPase activity, except for amylose quantity in experiment 2 (r= ÿ0.425, P=0.004). Accordingly, the inclusion of the flowering date as a covariate in multiple regression analyses of the associations between CAPS and traits did not significantly change associations. The only modification was for the AKIII-amylose association which passed over the 1% threshold (P=1.9%); this association was deleted from Fig. 3 and Table 4 .
Discussion
As in previous studies dealing with starch-related traits in mature grains (Goldman et al., 1993; Séne et al., 2000 Séne et al., , 2001 several QTLs (explaining up to 56% of the variability) were detected for almost all of the measured traits. These QTLs were not randomly distributed, they were frequently grouped into clusters associating either traits for carbohydrate concentration (bins 2.05-2.06 and 5.05-5.06) or traits for both enzyme activity and carbohydrate concentration (bins 4.05, 5.03, 9.01, 9.07). The clustering may indicate either that several genes controlling the starch pathway are grouped in some chromosome regions or that a common regulatory gene is located at the cluster locus. Examination of the position of the structural genes of the pathway enzymes (see below) suggests that both are possible. Another property of these clusters is that they tended to be located on different chromosomes depending on the developmental stage. For example, there was a higher QTL number on chromosomes 5 and 9 at 15 DAP, on chromosomes 4 and 8 at 25 DAP and chromosomes 1 and 2 at 35 DAP, respectively. This is not surprising since 15, 25 and 35 DAP correspond to rather different physiological conditions: preparation for grain filling, active starch accumulation, and progressive reduction of starch synthesis. Thus, the set of controlling genes is likely to be different. An example of such a shift is provided by AGPase QTLs: at 35 DAP, an interaction-QTL co-located on chromosome 4 (bin 4.05) with the Bt2 gene coding the small AGPase subunit, whereas at 15 DAP none of the five main-effect AGPase QTLs (2.02, 5.03, 8.06, 9.01, 9.04) colocated with an AGPase structural gene. These five maineffect QTLs may be linked to regulatory genes. It could be noted that among the five QTL loci, two of them are close to structural genes of other enzymes of the starch pathway, Sps (8.06) and Sh1 (9.01).This raises the question of the coregulation of enzymes of the same pathway by common loci, some of them being linked to structural genes. The colocation of main effect and interaction QTLs at bins 8.06 and 9.01 could provide further support to loci interaction. It is noteworthy that, at the Sh1 locus, the interaction involved activity and substrate QTLs.
A comparison of individual or classes of QTLs with published results on mature grain composition shows some similarities. A common locus (bin 3.06) can be found for starch component QTLs in mature grains of the same RIL family (Séne et al., 2000) or in different families (Goldman et al., 1993) . Similarly, at bin 8.06, the Sps locus shows repeated co-locations either in grains with AGPase QTLs in this experiment, with starch component QTLs (Séne et al., 2000) , with sucrose and glucose QTLs (field experiment from Etoile-sur-Rhône, Drôme, 1998; C Thévenot, unpublished data), or in adult leaves with QTLs for SPS activity, hexose and sucrose (Causse et al., 1995) . Other common locations between this work and those found in 1998 at Etoile-sur-Rhône (C Thévenot, unpublished data) are: (i) at bin 9.08 for vacuolar invertase activity at 15 and 12 DAP, respectively, and (ii) at bin 7.04 for FW QTLs at 15, 25 and 35 DAP (Gif-sur-Yvette), and 12 DAP (Etoile).
Co-location of QTLs with genes encoding for related functions, suggest these to be candidate genes. In the present case, the co-location of a given enzyme activity and a structural gene locus possibly encoding the enzyme was only observed at one developmental stage for a vacuolar invertase QTL and the Ivr1 locus at bin 2.04, and for AGPase activity QTLs and the Bt2 gene at loci 4.05 and 8.04. However, Ivr1 transcripts as they were not detected in the endosperm (Qin et al., 2004) should be discarded. The endosperm-specific Bt2 gene is a better candidate since it is the functional gene expressed in the endosperm, as proved by mapping of the bt2 mutation, producing a large starch deficiency (bin 4.05). The co-location is consistent with the idea that mutation represents nil allele of a gene whereas QTL pinpoints a quantitative allelic effect. The analysis of co-locations may be broadened by considering, for an enzyme locus, not only the corresponding enzyme activity QTL but also QTLs for related enzymes and carbohydrate traits since, as already discussed, it may provide information about the functional relationships between gene expression and some QTLs of the starch biosynthesis pathway. Such co-locations were noted for the three enzyme activities or the carbohydrate concentrations and one of the structural genes (bins 1. 07, 4.05, 5.03, 8.04, 9.01 ). This may be interpreted by regulatory relationships between enzymes of the same pathway or by the existence of common transcription factors acting at several levels along the metabolic pathway. In the case of carbohydrate concentration-enzyme activity QTL co-locations, either their concentration is dependent on enzyme activity and their position in the pathway (substrate versus product) or they act as signal molecules controlling the transcription level of the enzyme. This latter possibility gained experimental support for both vacuolar invertase and sucrose synthase (Koch, 1996) . Whatever the interpretation, the loci where such multi-trait co-locations were observed was Sh1 (bin 9.01) since at 15, 25 or 35 DAP it was associated with AGPase, FRU, GLU, and SUC. The same locus was also pinpointed in the 'Etoile' field experiment at 12 DAP (SUC QTL) and by Causse et al. (1995) in adult leaf QTLs (AGPase, SUSY, and hexose QTLs).
Other, multi-trait-locus associations have been noted already by other authors (Séne et al., 2000; Goldman et al., 1993) . At bin 3.06 a possible candidate gene, could be phosphoglucomutase since it was shown to affect starch synthesis in transgenic potato tubers (Fernie et al., 2002) . At bin 8.06, Causse et al. (1995) observed, in leaves, a colocation between the SPS activity and Sps locus which is consistent with the role of this enzyme in sucrose synthesis. However, its role in the starch synthesis pathway in grain remains to be established. The co-location of the starch debranching enzyme locus (Su1, bin 4.05) with FW and starch QTLs may be of significance since the su1 mutation (sugary 1) profoundly alters starch synthesis and the sucrose/starch balance. Other co-locations with possible candidates are listed in Table 3 , but they are less physiologically supported. For example, the Ivr1 and Incw1 invertases are not significantly expressed in developing grains (Qin et al., 2004) . Co-locations with respiratory enzymes as 6-P-gluconate dehydrogenase involved in the hexose monophosphate pathway (bin 6.01) may also be significant since alteration of another respiratory enzyme (glycolytic P-fructokinase), is probably producing starch deficiency in the sugary2 mutant (Pan, 2003) .
Amongst all suggested candidate genes, Sh1 is one of the most prominent, since it co-locates with QTLs at several developmental stages. The next step after candidate identification is the validation, as discussed in Prioul et al. (1999) . Several methods are possible, one of them being to check if the results obtained from the two alleles in the RIL population are coincidental or may be confirmed using a large collection of gene alleles originating from diverse genotypes. For this purpose, unrelated lines having a minimum linkage disequilibrium have been used, since they are expected to show a maximum allele diversity and minimum false positive statistical associations between molecular polymorphisms and traits. The multiple associations between CAPS in Sh1 gene and several grain-filling-related traits are in favour of the importance of Sh1 in the control of kernel starch accumulation. Since the results are based on CAPS from a small sample, they need to be confirmed on a larger genotype panel. Moreover, the exact nature of the polymorphism (position of SNPs or insertion/deletion) could be determined. Further support is currently being investigated in a larger population of unrelated lines screened for gene polymorphism through allele sequencing and SSR (single sequence repeats) genotyping. This will allow statistical associations to be detected between traits and well identified SNPs (single change polymorphism), independently of the genetic structure of the population (characterized through SSR polymorphisms), as proposed by Pritchard et al. (2000) and Thornsberry et al. (2001) .
